Genetic variation in fitness is required for the adaptive evolution of any trait but natural selection is thought to erode genetic variance in fitness. This paradox has motivated the search for mechanisms that might maintain a population's adaptive potential. Mothers make many contributions to the attributes of their developing offspring and these maternal effects can influence responses to natural selection if maternal effects are themselves heritable. Maternal genetic effects (MGEs) on fitness might, therefore, represent an underappreciated source of adaptive potential in wild populations. Here we used two decades of data from a pedigreed wild population of North American red squirrels to show that MGEs on offspring fitness increased the population's evolvability by over two orders of magnitude relative to expectations from direct genetic effects alone. MGEs are predicted to maintain more variation than direct genetic effects in the face of selection, but we also found evidence of maternal effect trade-offs. Mothers that raised high-fitness offspring in one environment raised low-fitness offspring in another environment. Such a fitness trade-off is expected to maintain maternal genetic variation in fitness, which provided additional capacity for adaptive evolution beyond that provided by direct genetic effects on fitness.
Introduction
Genetic variation is required for an evolutionary response to natural selection but standing variation is eroded by natural selection as beneficial alleles go to fixation and detrimental alleles are purged from populations [1, 2] . The loss of standing genetic variation through natural selection is particularly strong for fitness itself because selection on fitness is consistent and perfect. Levels of genetic variation in fitness are, therefore, expected to be very low [3, 4] , which could constrain the adaptive evolution of all traits in a population [5] unless some additional source of adaptive potential is available. Given the importance of genetic variance in fitness to evolution there have been surprisingly few estimates of its magnitude in nature [5, 6] , despite hundreds of measures of genetic variation in life-history traits in the wild [7] . Furthermore, all previous measures of genetic variation in fitness considered only the effects of an individual's genotype on its own fitness, whereas it is now widely recognized that an individual's fitness can also be affected by the genotype of other individuals with whom it interacts socially [8, 9] .
Perhaps the most important social interaction in many species is between a mother and her offspring. Mothers often provide much of the environment in which offspring develop and as such have important effects on their offspring beyond their contribution of genetic material [10] . These maternal effects are experienced by offspring as environmental effects, but can be caused by either their mother's environment or her genetics. Maternal genetic effects (MGEs) are those maternal effects that are themselves heritable and can be measured either as genetic variation in specific maternal attributes that have causal effects on offspring traits [11] , or simply as heritable differences & 2015 The Author(s) Published by the Royal Society. All rights reserved.
among mothers in their effects on offspring traits after controlling for the effects of offspring genes (i.e. direct genetic effects (DGEs) [12] ). For example, much of the variation in growth rates in beef cattle (Bos taurus taurus and B. t. indicus) can be explained by the identity of their mother; some cows raise faster-growing calves than others [13] . One reason for this is that some females produce more milk than others, which affects how quickly their calves grow [14] . Since variation in milk production is heritable, maternal genes for milk production affect the growth rates of a cow's calves [14] , which therefore represent a MGE. Since MGEs represent an additional source of genetic variation, they have the potential to affect the rate of evolution [11] , which has long been appreciated by animal breeders [15, 16] . More recently, evolutionary biologists have become interested in maternal effects because of their potential importance to short-term evolutionary dynamics [11, 17, 18] . As a result, many studies have now quantified MGEs on a wide variety of traits, including life-history traits, in many domesticated [19] , laboratory [20] and wild animals brought into captivity [18, 21] , as well as in some free-living plants and animals [22 -25] . While quantitative genetic studies of specific traits are valuable for assessing their evolvability, genetic variation in fitness itself represents a fundamental measure of the adaptive potential of all traits within a population [5] . Since measures of fitness are applicable only to the environment in which they are measured, measures of genetic variation in the fitness of wild organisms require multigenerational studies of wild organisms in nature. The difficulty of obtaining such data means that estimates of genetic variance in fitness are scarce [5] and there have been no previous estimates of MGEs on fitness, so the importance of MGEs to the adaptive potential of wild populations remains unknown.
MGEs have the potential to maintain higher levels of variance than direct genetic effects because they experience kin selection through variation in offspring fitness rather than direct selection. For example, if faster offspring growth enhances fitness then offspring growth genes experience direct selection, whereas maternal genes that enhance growth (e.g. through increased milk production) experience kin selection through the fitness of offspring, with whom they have a relatedness coefficient of only 0.5. This reduced association between the phenotype experiencing selection and the causal genotype will reduce genetic selection and increase equilibrium genetic variance at mutation-selection balance [26] . Since maternal effects on offspring are caused by specific maternal traits, MGEs can also be selected directly (i.e. increased milk production might reduce maternal longevity), but this direct selection will often oppose the indirect selection through offspring fitness [27] . Finally, MGEs do not have phenotypic effects when carried by males, so in the absence of pleiotropic effects on some aspect of male fitness, MGEs are hidden from direct selection 50% of the time [28] . MGEs might, therefore, represent an important, but previously unrecognized source of genetic variation in fitness facilitating microevolution in nature.
Here, we used a pedigreed population of North American red squirrels (Tamiasciurus hudsonicus, Erxleben, 1777), near Kluane Lake, Yukon, Canada, to quantify both additive genetic variance and maternal genetic variance in female lifetime reproductive success (LRS) as a measure of female fitness. Direct additive genetic variance (V a ) in LRS for this population has been previously found to be low [6] , but maternal effects on fitness were moderate [6] . In addition, large MGEs have been previously identified for one fitnessrelated trait in this population, which accelerated its response to natural selection [29] , suggesting the possibility of important MGEs on fitness in red squirrels.
Material and methods
A natural population of North American red squirrels (T. hudsonicus) in the southwest Yukon, Canada (618 N, 1388 W) was monitored from 1989 until 2011. Individuals from two adjacent study sites were followed throughout their lifetime and their reproductive status was continually assessed via livetrapping (Tomahawk Live Trap, Tomahawk, WI, USA; [30] ). When we determined that a female had given birth, we fitted the female with a radio collar (model PD-2C, 4 g, Holohil Systems Limited, Carp, Ontario, Canada) and used radio telemetry to locate her nest, at which point her pups were removed from the nest, weighed, individually marked and tissue samples were taken [30] . Three weeks after the initial nest entry, the nest was re-entered, tissue samples were taken and pups were individually marked with unique alphanumeric tags (Monel #1, 5 digits; [30] ).
(a) Fitness and fitness components
Female LRS was measured as the number of pups produced by a female in her lifetime. This definition of fitness assigned early offspring survival to the fitness of the offspring [31] . We did not measure male LRS because paternity data were available only since 2003 (see the following section). Individuals were considered to be dead if they were not trapped in a season, or if they were found dead [32] . Survival does not appear to be confounded by dispersal in our system; in each year the population was completely enumerated using frequent live trapping [30] , where the probability of recapture given survival from mark-recapture techniques was estimated to be 1.0 [32] , juveniles typically dispersed less than 100 m [33] , and there was no evidence that individuals from the centre of the study site survived better than those from the edge, as would be expected if we were mistakenly assigning dispersed juveniles to have died [30] . Our ability to mark juveniles within their natal nest and to completely enumerate the entire population in each year allowed us to follow individuals from birth to death.
In addition to LRS, we also measured three fitness components: lifespan, age of first breeding (AFB) and mean annual reproductive success (ARS). Lifespan was measured as the number of years that a squirrel survived. AFB was the age (in years) at which each female was first assessed to be pregnant or lactating. ARS was defined to be the number of pups a female produced in a year. For some individuals, for whom we had repeated measures, this was the mean number of pups produced over multiple years. All fitness components, and LRS, were measured as absolute values. To ensure that we had complete data on lifetime reproductive output, all individuals that we included in our analyses of lifetime traits (i.e. lifespan or LRS) died in 2011 or earlier owing to natural causes. This truncation of the data to exclude individuals from recent cohorts who were still alive reduced mean LRS and longevity, but is unlikely to affect variance components.
(b) Animal model analyses
We estimated variance components of LRS and each fitness trait using mixed effect 'animal models', which estimate the genetic basis of a trait by examining the resemblance between related individuals in a pedigreed population [34] . Maternity (from 1989) was assigned observationally, while paternity (from 2003) was assigned using 18 microsatellites [35] . We used a Markov chain Monte Carlo method for generalized linear mixed models (MCMCglmm) analysis in R [36, 37] to estimate variance rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142422 components of additive genetic variance (V a ), maternal environmental (V me ), maternal genetic (V mg ) and residual effects (V r ). Additionally, we included cohort as a fixed effect because we wanted to assess females' fitness relative to their cohort. Variance components were estimated as the mode from posterior distributions and reported with 95% highest posterior density (HPD) credible intervals [38] . We used non-informative parameter expanded priors for all analyses, as we wanted posterior estimates to come from the data and not from the priors [36] . One of the strengths of the MCMCglmm analyses is that we can perform calculations on the posterior distributions, and thus carry over uncertainty between derived metrics [36] , but care must be taken as priors that are flat for individual parameters might no longer be flat for derived metrics. Here we presented calculations not only based on posterior modes for component parameters in the main text but also provided the posterior modes and HPD credible intervals for calculated values in parentheses (posterior mode; lower 95% credible interval to upper 95% credible interval). That said, we did not report posterior modes and credible intervals for our calculations of the number of generations needed to increase LRS by one offspring as this involves taking the inverse of estimated parameters, which resulted in priors that were no longer flat for this particular derived metric. Further information on our animal model analyses can be found in the electronic supplementary material.
We ) were estimated as the proportion of phenotypic variance that they explained. Phenotypic variance was calculated as the sum of V a , V mg , V me and V r . The evolvability of absolute LRS with MGEs was estimated as the sum of V a and 0.5 V mg divided by mean LRS squared. Similarly, total heritability was calculated as h 2 t ¼ (V a þ 0:5V mg )=V p , following Dickerson [40] . We assumed that the covariance between direct and maternal genetic variation was negligible as V a was found to be so small, but relaxing this assumption did not change our conclusions (electronic supplementary material). For all traits other than mean ARS, we used Poisson error distributions and, therefore, reported latent heritabilities [38, 41] . For mean ARS, we reported a standard heritability.
(c) Constraints on evolution
The predicted rate of evolution of any trait can be calculated as the genetic covariance between the trait, z, and relative fitness, w [1, 2] . One property of a covariance is that it cannot exceed the geometric mean of the two variances. We can, therefore, calculate the maximum rate of evolution of any trait as sqrt(V aw Â V az ). When traits have been standardized to a mean of zero and unit variance (i.e. V pz ¼ 1), it is possible to make comparisons across traits measured in different units. These rates of evolutionary change in standardized units are called Haldanes (1 Haldane ¼ 1 standard deviation of evolution per generation [42] ). For a standardized trait with a heritability equal to 0.5 (i.e. V az ¼ 0.5, V ez ¼ 0.5), the predicted, maximum genetic covariance between fitness and the trait (measured in Haldanes) would, therefore, be the square root of the product of 0.5 and the V a of fitness. We similarly conditioned the additional contribution of maternal genetic variance to the maximum rate of trait evolution by summing the direct genetic variance in fitness with 0.5 Â maternal genetic variance in fitness, following Dickerson [40] .
(d) Maternal effect trade-offs between environments
Red squirrels experience large annual fluctuations in the availability of white spruce (Picea glauca) seed [43] . Years of superabundant cone production (mast years) are typically followed by 3-5 years of very low to moderate seed production (non-mast years; [43] ). We have previously found no evidence of a direct genetic trade-off between fitness in mast and non-mast years [6] [44] . For only those females that produced offspring in both mast and non-mast years, we averaged the LRS of offspring born in each environmental condition. We then correlated the mean LRS of offspring born in mast years with the mean LRS of offspring born in non-mast years for the same mother. Mean offspring LRS values in each environment were ln(x þ 1)-transformed prior to analysis. Females that produced offspring with zero mean LRS in both mast and non-mast years were excluded from this analysis because these females were not informative with respect to a possible trade-off between environments.
(e) Trait-based approach to measuring maternal genetic effects
In contrast to the variance partitioning approaches that we used throughout most of this study, we also used a hybrid approach, which included both trait-based and variance-partitioning approaches [45] , to assess the importance of specific maternal traits to offspring LRS and to determine whether these specific traits could explain our observed MGEs on offspring LRS. Specifically, we included three maternal traits (parturition date, litter size and maternal age) as fixed effects in our animal model analysis of LRS. Parturition date and litter size have both been demonstrated to be heritable traits in this population of red squirrels [46] . Maternal age was fitted using both a linear and a quadratic term to account for nonlinear effects of age associated with senescence. Since random effects (e.g. V a , V mg ) are conditional on the fixed effects in a mixed-effects model, we expected our estimates of V mg to collapse to zero if these three maternal traits were responsible for all of the maternal genetic variation on offspring LRS [45, 47] .
Results
Over the 24 years of this study the population size increased and then decreased such that the population size was similar in 1989 and 2011. Mean female LRS during this time period was 1.77 + 0.08 pups and was 1.41 + 0.08 pups for females with known mothers. Analysis of our multigenerational pedigree revealed a V a of female fitness of 0.0028, which corresponded to a very low heritability (h By contrast, maternal genetic variance in LRS was substantially higher than V a (V mg ¼ 0.27; table 1, difference in deviance information criterion (DDIC) ¼ 2), which resulted in an overall evolvability of LRS of 0.071 (0.15; 0.031 to 0.75) pups per lifetime per generation. In addition to estimating V a and V mg , we also fitted an additional random effect of matriline, to control for environmentally caused phenotypic similarities in fitness that may run in families. We found evidence of matrilineal effects (V matriline ¼ 0.23), but this additional random effect did not reduce our estimate of maternal genetic variation on LRS (V mg ¼ 0.27).
This maternal genetic variance was much larger than the expected doubling of direct genetic variance, so we tested whether maternal effects on offspring LRS traded-off between years of high and low food abundance (mast and non-mast years, respectively). Indeed, there was a significant negative correlation between maternal effects on offspring Females that produced offspring with high mean LRS in mast years produced offspring with lower mean LRS in non-mast years (figure 2). Conversely, females that produced high-fitness offspring in non-mast years produced low-fitness offspring in mast years.
We attempted to identify specific maternal traits responsible for these MGEs on fitness by fitting them as fixed effects in our model of offspring LRS. We found a significant effect of parturition date on offspring LRS (electronic supplementary material, table S4). Females that gave birth earlier in the season produced offspring with higher LRS (20.02, 95% CI 20.03 to 20.01). We found no effect of maternal age or litter size on offspring LRS (electronic supplementary material, table S4). The inclusion of these maternal traits, however, did not reduce our estimate of maternal genetic variance (V mg ¼ 0.31, 95% CI 0.09 to 1.3, electronic supplementary material, table S4), indicating that additional maternal traits are also responsible for MGEs on the fitness of offspring.
Discussion
Our analysis of a 24-year pedigree for a wild population of red squirrels revealed very low levels of direct additive genetic variance in fitness, but a much larger maternal genetic variance. Such low levels of direct genetic variation in fitness are consistent with theoretical predictions based on mutation-selection balance [48] , but suggest that adaptive evolution of any trait Table 1 . Sources of variation in lifetime reproductive success (LRS) and other fitness components for female North American red squirrels. We used a multigenerational pedigree for a wild population of North American red squirrels to quantify direct genetic effects (V a ), maternal environmental effects (V me ) and maternal genetic effects (V mg ) on female absolute lifetime reproductive success (LRS), lifespan, mean annual reproductive success (mean ARS) and age of first breeding event (AFB). These variance components were scaled by the total phenotypic variance and were reported as heritabilities ( h 2 ) and the proportion of total variation in each trait explained by maternal genetic effects (m 2 g ). Other sources of variance that contributed to total variance in these traits were the maternal environmental variance (V me ), which we also report as maternal environmental effects (m rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142422 in red squirrels could be constrained without some additional source of genetic variance in fitness. The evolvability of fitness provides a direct measure of how much mean-standardized LRS is expected to increase in each generation in the absence of other constraints based on the assumption that LRS represents fitness. In the absence of other sources of genetic variation, our low estimate for the evolvability of female LRS (table 1 and figure 1) predicts that it would take 500 generations for the mean LRS of female red squirrels to increase by one pup [6] . However, when we included V mg in our estimate of evolvability , we found that this additional genetic variance increased the evolvability of LRS to 0.071 (0.15; 0.031 to 0.75) pups per lifetime per generation. This much larger evolvability predicts that an evolutionary increase in LRS of one offspring (a 56% increase in mean LRS) is possible in less than 10 generations. MGEs, therefore, represented 98% of the overall evolvability of LRS. MGEs were also important for other fitness components such as longevity, AFB and ARS (table 1), suggesting that these moderate MGEs were not unique to LRS as a measure of fitness in this population.
In some cases where related individuals share environments, phenotypic similarities caused by the environment could run in families and be mistaken for heritable effects [49] . Juvenile red squirrels do not typically disperse long distances from their natal territory and mothers sometimes bequeath territories to their offspring [33] . Female philopatry, together with high rates of multiple paternity and large mating home ranges by males [50] could, therefore, manifest as apparent maternal effects [25] . Fitting matriline as an additional random effect (V matriline ¼ 0.23), however, did not reduce our estimate of maternal genetic variation on LRS (V mg ¼ 0.27). This result is consistent with previous measures of red squirrel territory quality [51] and removal experiments [53] , which concluded that spatial differences in territory quality are likely small and inconsistent across years.
MGEs have been predicted to harbour twice the amount of genetic variance than direct genetic effects at mutationselection balance because maternal effect genes affect the fitness of offspring with whom they are related by only 0.5 [26, 28] . Here we found a maternal genetic variance in fitness that was much more than double the direct genetic variance. We, therefore, explored possible maternal trade-offs between environments [44] that might further maintain MGEs on fitness. This population of red squirrels experiences large annual fluctuations in food availability, owing to mast seed production by white spruce [43] . While these resource pulses do not maintain direct genetic effects on red squirrel fitness [6] , here we found evidence of a maternal trade-off between the fitness of offspring born in mast and non-mast years, which correspond to years of high and low food availability for juveniles, respectively (figure 2). Females that raised highfitness offspring in mast years produced low-fitness offspring in non-mast years, and vice versa. Such a concave fitness set is predicted to maintain genetic variation in a temporally fluctuating environment [53] and could explain the more than doubling of MGEs relative to direct genetic effects on fitness that we observed.
The precise maternal traits affecting offspring fitness are not yet known. We found no effect of maternal age or litter size, but parturition date was associated with offspring LRS. Parturition date is a heritable maternal trait in red squirrels [54] that has been found to affect offspring recruitment [55] . Parturition date, therefore, represents a MGE on offspring fitness. However, significant MGEs remained, despite the inclusion of parturition date, maternal age and litter size as fixed effects in a subsequent analysis of our pedigree (electronic supplementary material, table S4), indicating that other heritable maternal traits are also important for offspring fitness in red squirrels. Additional MGEs on LRS could result from maternal hormones such as androgens, which have been documented to be heritable [56] and to affect traits such as breeding behaviour [57] and sexual ornamentation [57] in other systems. Female red squirrels exhibit repeatable differences in androgen levels during reproduction [58] , but the heritability of androgen levels and other endocrine traits and their consequences for offspring fitness are not yet known.
While additional maternal traits responsible for MGEs on offspring fitness have yet to be identified, their overall consequences for evolutionary dynamics are clear. Any trait must genetically covary with relative fitness in order to adaptively evolve [1, 2] so a lack of genetic variance in fitness can constrain the adaptive evolution of all traits in a population. The direct genetic variance that we measured here for relative fitness in red squirrels (electronic supplementary material, Mast years represent years of high white spruce (Picea glauca) seed production and high food availability for red squirrels. Non-mast years represent years of much lower food availablity. In this concave fitness set, mothers that produced high-fitness offspring in one environment produced low-fitness offspring in the other environment. Raw data are shown, but ln(x þ 1)-transformed measures of LRS exhibited a significant trade-off between maternal effects on offspring fitness between offspring born in mast years versus those born in non-mast years. Females that produced no grand-offspring were uninformative with respect to trade-offs between environments and were excluded from this analysis. Charcoal illustration of female red squirrel and her pups by Stephen R. Thomas. [29] . Since most genetic variation in fitness acts through MGEs rather than direct genetic effects, the evolutionary dynamics of all red squirrel traits in this population ought to follow the much more complex and sometimes counterintuitive dynamics predicted by models of maternal effect evolution [11] .
It is now widely recognized that the simple dichotomy between nature and nurture is a caricature of the complexity with which these two important factors interact to produce appropriately functioning organisms. Not only are genes responsive to environmental conditions [59] , but the environment experienced by organisms can itself evolve if it is affected, at least in part by the genes of other individuals [8] . Our results make clear that the nurturing environment provided by mothers can make important indirect genetic contributions to the fitness of their offspring, which could have implications for evolutionary responses to natural selection [11] . The scarcity of existing estimates of MGEs on fitness or fitness-related traits in natural populations, therefore, represents a large gap in our understanding of how evolution in natural populations is likely to proceed.
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